Introduction
============

Breast cancer is a disease caused by abnormal cell division that occurs commonly in the lining of milk ducts and lobules. Despite the availability of various diagnosis and treatment procedures, the disease can be worsen through metastasis. Current therapeutic regimes for cancers are fraught with varying degree of effectiveness and debilitating side effects. Cancer treatments target specific cell signaling pathways with the ultimate aim of causing cancer cell death.[@b1-dddt-11-771] Due to the lack of specificity of current chemotherapeutic drugs, the bone marrow production of blood cells is often compromised, resulting in anemia in \>75% of treated cancer patients.[@b2-dddt-11-771] This will burden the anemia of chronic diseases that often manifest in cancer patients.[@b3-dddt-11-771] Anemia impairs the efficacy of cancer therapies, deteriorates quality of life, and is fatal if untreated.

Erythropoietin (EPO), a 34 kDa glycoprotein produced mainly in the kidneys, is prescribed for the treatment of anemia. Although beneficial to anemic patients through stimulation of hematopoiesis, the use of EPO for cancer-related anemia is being reviewed because of the higher mortality rate in breast cancer patients treated with the hormone.[@b4-dddt-11-771] In breast cancer treatment, EPO can alleviate anemia symptoms, but may also exert effect in the breast tissues. This is due to the fact that numerous cancer cells including the breast cancers have been shown to contain functional erythropoietin receptor (EpoR), and these receptors play an important role in the proliferation and migration of these cells.[@b5-dddt-11-771]--[@b7-dddt-11-771]

Tamoxifen (TAM) is one of the drugs approved by the US Food and Drug Administration for the treatment and prevention of breast cancers. It seems that the EPO and TAM combination treatment resulted in a 90% breast tumor regression in mammary tumor-induced Sprague Dawley rats, outperforming the efficiency of TAM alone which was only 70%.[@b8-dddt-11-771] These findings suggest that EpoR in breast tissues, especially the breast tumors, can be exploited as targets in cancer therapy using EPO as homing ligands.

The paradigm of using nanoparticulate system as pharmaceutical carriers to enhance the efficacy of anticancer compounds has now been well documented. Among the various nanoparticulate drug delivery systems, the nanostructured lipid carriers (NLCs) are the most extensively studied because they meet the requirements of an ideal carrier system for lipophilic compounds. Their low cytotoxicity, capability to protect drug from degradation, high drug payload, and passive-targeting ability are compelling attributes that promote them as carriers of anticancer drugs.[@b9-dddt-11-771] In addition, the possibility of scale-up production makes NLC an attractive drug carrier system for commercial applications. Numerous active pharmaceutical ingredients (APIs), including TAM, had been formulated with NLC while developing as drug delivery carriers.[@b10-dddt-11-771]--[@b12-dddt-11-771] The tamoxifen-loaded nanostructured lipid carrier (TAMNLC) with an average size of \~50 nm exhibits a first-order drug-release kinetics.[@b12-dddt-11-771] The cytotoxic effect of TAM remains relatively unchanged after formulation with the NLC.

Previous studies have shown that modification of nanoparticles surface can enhance their binding of compounds, targeting, stability, and activity.[@b13-dddt-11-771] In our study, the main objective is to develop a surface-modified TAM-entrapped NLC with EPO that could be delivered in a sequential manner to the target tissue. Following the development of stable TAMNLCs, we modified the surface of these drug nanocarriers to develop the EPO-TAMNLC. The interactions of EPO and albumin in NLC were investigated using isothermal titration calorimetry (ITC) to determine the thermodynamic forces involved.[@b14-dddt-11-771] The combined delivery of EPO and TAM using a single carrier is postulated to facilitate their synergistic effect, as they are released and delivered in a sequential manner, thereby enhancing the specificity of the EPO-TAM combination.

Materials and methods
=====================

Materials
---------

Hydrogenated palm oil or Softisan 154 (Condea Chemie, Hamburg, Germany) was donated by Malaysia Palm Oil Board (MPOB), and olive oil was purchased from Basso Fegele and Figli Srl (San Michele di Serino, Italy). Other ingredients used were Lipoid S100 (Lipoid GmbH, Ludwigshafen, Switzerland), polysorbate 80 (Thermo Fisher Scientific, Waltham, MA, USA), thimerosal, and sorbitol (Sigma-Aldrich, St Louis, MO, USA).

Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 2-(N-morpholino)ethanesulfonic acid (MES) sodium salt, uranyl acetate, sodium acetate, sodium iodide, TAM free-base, and thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) reagent starter kit (\#1615100) was purchased from Bio-Rad Laboratories (Hercules, CA, USA). Other chemicals used were Eprex 10,000 IU (Janssen-Cilag Ltd., Beerse, Belgium), methanol, and acetic acid (Thermo Fisher Scientific). Ultrapurified water was dispensed from a Milli-Q Plus water purification system (Merck Millipore, Billerica, MA, USA).

Tamoxifen-loaded nanostructured lipid carrier
---------------------------------------------

TAMNLC was prepared using lipid melt-emulsification technique.[@b15-dddt-11-771] Briefly, a mixture of hydrogenated palm oil (4%, w/v), olive oil (1%, v/v), lecithin (1.73%, w/v), and TAM (200 mg) was heated to about 70°C. Then, a hot aqueous phase containing sorbitol (4.75%, w/v), polysorbate 80 (1%, v/v), and thimerosal (0.005%, w/v) was added. The hot emulsion was homogenized at 13,000 rpm for 10 min using a high-sheer homogenizer (IKA, Staufen, Germany), followed by high-pressure homogenization at 1,000 bar for 20 cycles using Emulsiflex C-50 (Avestin, Ottawa, ON, Canada). Then, the hot emulsion was cooled to room temperature to form TAMNLC and kept for 2 days before characterization. The particle size, zeta potential, and polydispersity index were determined using Zetasizer Nano ZS (Malvern, UK), while the entrapment efficiency was confirmed using an Alliance Separation Module HPLC (Waters, Milford, MA, USA). For more details on how the measurements were presented, please see [Supplementary materials S1](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing) and [S2](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing).

Transmission electron microscopy
--------------------------------

Transmission electron microscopy was used to visualize the morphology of the nanoparticles. A drop of diluted EPO-TAMNLC sample was placed on the surface of a carbon-coated copper grid (300 mesh size). The droplet was removed with a filter paper after 1 min. Then, the grid was stained with uranyl acetate for 3 min and allowed to get air-dried at room temperature. The EPO-TAMNLC sample was probed using a transmission electron microscope (Hitachi H-7100; Hitachi Ltd., Tokyo, Japan), and the images were captured ([Figure 1](#f1-dddt-11-771){ref-type="fig"}).

Fluorescence-quenching assay
----------------------------

The folding of protein could affect its association to an interface. Therefore, the folding of EPO and BSA was examined under different conditions. Fluorescence-quenching assay of EPO and BSA was performed using NaI. The tryptophan (Trp) subunits in the proteins were examined at an excitation wavelength of 295 nm, and an emission wavelength in the range of 310--400 nm with 2 nm increments. Eighty five microliters of 87 µg mL^−1^ protein sample was dispensed into a flat-bottomed black multiplate (Nunc Nalgene, Penfield, NY, USA) and incubated for 1 h with 115 µL of four different buffers (10 mM) respectively. Then, the protein samples were quenched with 5 µL of 5 M NaI. The dilution effect due to the addition of quencher was minimized by reducing the volume of the quencher. To determine the effect of pH on the quenching efficiency (QE) of NaI, buffers of various pHs were used:[@b16-dddt-11-771] sodium acetate (pH 5, 5.5), MES (pH 6, 6.5), HEPES (pH 7, 7.5), and Tris--HCl (pH 8, 8.5). The conductivity of the buffer systems was normalized to 4.5 mS cm^−1^ using a 4 M NaCl solution to prevent interference.

The sample plates were examined using a Synergy H1 fluorescence mode reader (Biotek, Winooski, VT, USA) at 25°C and analyzed with Gen5 software. The experiment was performed in triplicates. The QE was calculated and the Stern--Volmer plot was generated using the following equations: $$\text{QE} = \frac{F_{0} - F}{F_{0}}$$ $$\frac{F_{0}}{F} = 1 + K_{\text{SV}}\lbrack Q\rbrack$$where *F*~0~ = fluorescence emission before addition of quencher*F* = fluorescence emission after addition of quencherK~SV~ = Stern--Volmer constant\[Q\] = concentration of quencher

Protein--TAMNLC association efficiency and thermodynamic interactions
---------------------------------------------------------------------

The amount of EPO absorbed onto TAMNLC was determined using SDS-PAGE.[@b17-dddt-11-771] The proteins and TAMNLC at a 1:1 ratio were incubated overnight in buffers of various pHs before electrophoresis. For electrophoresis of BSA-TAMNLC and EPO-TAMNLC, 8% and 12% acrylamide gels were casted, respectively. Then, they were stained with Coomasie blue (Sigma-Aldrich), followed by an overnight de-staining procedure using methanol, water, and acetic acid (50:5:45, v/v/v). The intensity of the protein bands was determined using a ChemiDoc MP Imaging System ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)).

The thermodynamic interaction of EPO and BSA with TAMNLC was investigated using a Nano-ITC (TA Instruments, New Castle, DE, USA). All TAMNLC samples were dialyzed with excess phosphate buffer saline (PBS) ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)). The binding of the proteins to the nanocarriers at various temperatures was determined after 25 injections of 2 µL aliquot of 15 µM proteins into the sample cell containing 300 µL TAMNLC suspension. Control experiments were performed by titrating the proteins into buffers without TAMNLC. The corrected heat data were analyzed using NanoAnalyze software (V3.3.0) with an independent binding model ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)).

Cell receptor status and functional study of EPO-TAMNLC
-------------------------------------------------------

The estrogen receptor-α (ERα) and EpoR status of MCF-7 and MDA-MB231 cell lines was confirmed via immunocytochemical staining ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)). The MDA-MB231 cell line, derived from triple-negative breast cancer, was used as the negative control. The cell lines were cultured in a six-well plate (Nunc Nalgene) with coverslip. The cells were rinsed with PBS and fixed with 4% (w/v) paraformaldehyde (Thermo Fisher Scientific). The fixed cells were rinsed with PBS before they were permeabilized using 0.1% (w/v) Triton-X 100 solution. Subsequently, the cells were blocked by incubating them with 1% (w/v) BSA solution for 1 h. The ERα antibody (sc542-AF488) (Santa Cruz Biotechnology, Dallas, TX, USA) and EpoR antibody (sc697) (Santa Cruz Biotechnology) were incubated with the cells for 2 h at room temperature and overnight at 4°C, respectively. Anti-rabbit antibody (sc3739) tagged with phytoerythrin was added as the secondary antibody. The cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The blue nuclei, green ERα, and red EpoR were visualized with IX73 Live Cell Imaging fluorescent microscope (Olympus, Tokyo, Japan).

The cytotoxic activity of EPO-TAMNLC was tested on HDFa (primary human dermal fibroblast normal human adult, ATCC PCS-201-012) and MCF-7 cell line (mammary adeno-carcinoma human cell line, ATCC HTB-22) via MTT assay. At 24, 48, and 72 h, the concentration-response curves of the treatments were generated, while their respective cytotoxicity response parameters were determined. Specifically, the half-growth inhibitory concentration (GI~50~), total growth inhibition concentration, and lethal concentration 50 (LC~50~) were acquired ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)).

Statistical analysis
--------------------

The data obtained were statistically analyzed, and the results expressed as mean ± standard deviation. One-way analysis of variance was performed using IBM SPSS version 20 software.

Results
=======

The fine dispersion of the lipid nanoparticles was opalescent in appearance. The size (*Z*-average), zeta potential, polydispersity index, and entrapment efficiency of the TAMNLC were 59.36±0.25 nm, −7.20±1.80 mV, 0.24±0.01, and 99%, respectively. Once EPO was conjugated to TAMNLC (EPO-TAMNLC), the size, zeta potential, and polydispersity index were 55.39±0.98 nm, −1.58±0.47 mV, and 0.19±0.01, respectively. [Figure 1](#f1-dddt-11-771){ref-type="fig"} shows the electron micrograph of EPO-TAMNLC. The particles in EPO-TAMNLC were in submicron range and appeared in aggregated spherical shape.

The EPO and BSA folding was examined using their intrinsic fluorescence caused by the hydrophobic amino acid residues present within them (ie, Trp).[@b18-dddt-11-771] Upon exposure to the external environment, the Trp fluorescence was quenched by negatively charged iodide ([Figure 2](#f2-dddt-11-771){ref-type="fig"}). As the pH of the medium increased from 5.0 to 8.0, QE decreased. At acidic pH, BSA had more Trp residues exposed that were quenched by the iodide. At alkaline pH however, the conformation of BSA became less distorted, shielding the hydrophobic Trp from the quenching effect of iodide. Iodide was present in buffers used as the control.

The intrinsic fluorescence of EPO was caused by its three Trp residues. There were no dramatic changes in the emission maxima wavelength (*λ*~max~) of EPO in the pH range of 5.0--8.5, although a higher quenching effect was observed at pH 5. No significant difference was seen at pH 6.5--8.0. Thus, we hypothesized that a pH lower than the physiological value may trigger an increase in solvent exposure of nonpolar region of the EPO that may have promoted binding to hydrophobic surfaces of the NLC. In addition, at the physiological pH of \~7.0, there was quenching of EPO, suggesting that the exposure of Trp can occur in the natural environment of the circulation.

At steady state, where pH ranged from 5.0 to 8.5, the *λ*~max~ of EPO waŝ336 nm (data not shown). This suggested any pH-induced change in EPO structure is subtle which does not affect the intrinsic fluorescence of the protein. The subtle change in EPO was shown by its sensitivity to iodide in low-pH aqueous environment that may be the result of exposure of the hydrophobic Trp residues. The results also showed that EPO is relatively more stable and resistant than BSA to the effect of pH.

The Stern--Volmer equation was developed without the inclusion of fluorophore concentration as a variable, suggesting that fluorescence quenching is independent of the fluorophore concentration. For a purely collisional quenching mechanism, the Stern--Volmer plot of *F*~0~/*F* vs \[*Q*\] would give a linear plot, with K~SV~ as the slope. The *λ*~max~ of EPO remained unchanged at 336 nm indicating that the Trp residues are located in the highly nonpolar region of the glyco-protein. The *λ*~max~ remained unchanged even after exposure to 60°C for 2 h (data not shown). A linear Stern--Volmer plot (pH 6.5) suggests that only one class of EPO Trp residues are quenched, and that they are all equally accessible to the quenching of iodide ([Figure 3](#f3-dddt-11-771){ref-type="fig"}). A nonlinear positive curvature (pH 5.0, 8.0) indicates that two classes of Trp residues are present, one of which is more accessible than the other. Generally, a less sensitive system will have a lesser slope, indicated by lower K~SV~ value ([Table 1](#t1-dddt-11-771){ref-type="table"}). The K~SV~ value for iodide quenching at pH 5.0 was 2.2179, 1.5-fold higher than that of pH 6.5 (1.5398). These results showed that at pH 6.5 and 7.5, the class of Trp residues is largely buried within the glycoprotein structure.

The amount of proteins which did not bind to the protein-TAMNLC complex determined by SDS-PAGE method is shown in [Figure 4](#f4-dddt-11-771){ref-type="fig"}.

The band intensities of the unbound EPO are shown in [Table 2](#t2-dddt-11-771){ref-type="table"}. The result provides a qualitative comparison of binding efficiencies between EPO and TAMNLC at various pHs. There was a good linear correlation between band intensity and concentration of EPO. The aqueous phase (AQ), which was the suspending medium of TAMNLC, served as the negative control. The concentration of unbound EPO in AQ was 41.2 µg mL^−1^ that was almost similar to the initial concentration of 42.0 µg mL^−1^, suggesting that there was no unwanted interaction of EPO in solution to hinder its migration in the gel. The efficiency of association of EPO and TAMNLC was generally pH dependent, and increased based on the pH in the following order: pH 7.20\> pH 1.91\> pH 5.50\> pH 10.85.

[Figure 5](#f5-dddt-11-771){ref-type="fig"} shows the titration profile of EPO and TAMNLC interaction at 25°C, 30°C, and 37°C where the titration of 2 µL of EPO into TAMNLC generated a large amount of binding endothermic heat that gradually decreased in magnitude with each successive titration. The raw heat upon integration was endothermic. The normalized heat of EPO and TAMNLC association could be best fitted with "independent" binding model where their thermodynamic parameters can be extracted. It should be noted that the first titration point was excluded in order to improve the accuracy of the integration and thus the thermodynamic parameters.

The association constant (K~a~), stoichiometry (n), enthalpy of binding (∆H), entropy of binding (∆S), and free energy of binding (∆G) yielded from the fitting of the binding isotherm to the nonlinear binding model at different temperatures are indicated in [Table 3](#t3-dddt-11-771){ref-type="table"}. The values suggested that the binding between EPO and TAMNLC was spontaneous and driven predominantly by entropic factors with positive enthalpy. The enthalpy and entropy generally increased with increasing temperature; however, the enthalpy did not exhibit a clear linear dependency on temperature. Therefore, the heat capacity of the interaction could not be determined.

The titration of TAMNLC with BSA yielded relatively linear isotherms, marked with consistent raw heat data at 25°C, 30°C, and 37°C ([Figure 6](#f6-dddt-11-771){ref-type="fig"}). The positive enthalpies were smaller than that of the heat generated by the titration of EPO with TAMNLC even after raising the BSA concentration five times greater than the EPO concentration (data not shown). The isotherms of BSA and TAMNLC interaction could not be analyzed satisfactorily with NanoAnalyze software due to fluctuating heat data at magnified scale, suggesting that there is lack of interaction between BSA and TAMNLC.

The presence of ERα and EpoR on MCF-7 and MDA-MB-231 cells was demonstrated with immunochemical staining ([Figure 7A1--D3](#f7-dddt-11-771){ref-type="fig"}). The MCF-7 cell is intensely ERα-positive, while MDA-MB-231 is ERα-negative. EpoR is present in both the MCF-7 and MDA-MB-231 cells. In the MCF-7 cells, EpoR is mostly in the nucleus, while in the MDA-MB-231 cells, it is mainly in the cytoplasm around the nucleus. This indicates that EpoR in MDA-MB-231 cells is sequestered at the nuclear membrane and/or distributed in the cytoplasm.

Except EPO and DMSO, all treatments caused concentration-dependent cytotoxicity to the breast cancer cells. Our data showed that EPO-TAMNLC and TAMNLC had almost similar cytotoxicity profile ([Figure 8A](#f8-dddt-11-771){ref-type="fig"}). While the concentration-response curve of TAM and EPO-TAM treatment slowly shifted to the left, the curve of EPO-TAMNLC and TAMNLC treatment shifted to the right from 24 to 48 h, suggesting quicker cytotoxic effect of EPO-TAMNLC and TAMNLC. GI~50~ values were significantly lower (*P*\<0.05) for both the treatments with NLC compared to those without NLC ([Figure 8B](#f8-dddt-11-771){ref-type="fig"}). Despite no significant difference in the values of the response parameters was observed between all treatments at 48 and 72 h, the lower GI~50~ values of EPO-TAMNLC at 24 h confirmed the incorporation with carriers produced a significant effect even at an earlier time point.

The HDFa cell lines derived from adult human fibroblasts were used as normal cells to evaluate the selectivity and safety of EPO-TAMNLC. [Figure 9](#f9-dddt-11-771){ref-type="fig"} shows the viability of HDFa and MCF-7 cells after treated with EPO-TAMNLC. The EPO-TAMNLC was \~10-fold more cytotoxic toward MCF-7 cells than HDFa. While TAM exhibited cytotoxic effect on the cancerous cells, the use of nanocarriers did not significantly improve its cytotoxic effect. However, the viability of normal cells when treated with the drug nanocarriers was higher. This means the incorporation of the EPOTAM into NLC dramatically reduced its cytotoxicity toward the normal cells without compromising its selectivity toward the cancerous cell lines.

Discussion
==========

Cancers are plagued by other disorders including anemia.[@b19-dddt-11-771] Anemia in cancers is not just due to the disease but also a consequence of chemotherapy.[@b20-dddt-11-771] In the treatment of anemia of malignancies, EPO was thought to be safe until the EpoR was identified in various types of cancer cells, including breast cancer cells. The expression of EPO and the EpoRs in cancer cells has generated much interest because of the concern that administration of EPO to patients with cancers expressing the EpoRs may promote tumor growth via the induction of cell proliferation.[@b21-dddt-11-771] However, the role of growth promotion by EPO in tumors expressing EpoRs remains unclear. There are evidences that show that expression of EpoRs on cancer cells is beneficial. Several preclinical studies have shown that EPO delays tumor growth. It is conceivable that increased expression of EPO could reduce tumor hypoxia and ameliorate the deleterious effects of hypoxia on tumor growth, metastasis, and treatment resistance.[@b21-dddt-11-771],[@b22-dddt-11-771] The expression of EpoRs in cancer cells, coupled with the reported cell growth-promoting ability of EPO, has raised concern that administration of recombinant human EPO to cancer patients with anemia may enhance proliferation and/or survival of cancer cells.[@b21-dddt-11-771]

Although EpoRs have been detected in tumor cells, there is no compelling evidence at present that exogenous EPO confers a proliferative effect on the cancer cells. Among these uncertainties, the expression of EpoRs on cancer cells could be used to advantage.[@b22-dddt-11-771] In fact, the cancer cells membrane EpoRs could be a target for cancer therapy because they do not influence the proliferation of cancer cell lines.[@b23-dddt-11-771]--[@b25-dddt-11-771] In animal models, EPO administration was shown to be beneficial as it increased the tumor sensitivity to cytotoxic drugs, caused tumor regression, improved cytotoxic efficacy, and prolonged survival.[@b26-dddt-11-771]--[@b28-dddt-11-771]

TAM is a selective ER modulator and is a most commonly used drug for the treatment of breast cancers. However, treatment with this drug produces numerous side effects.[@b29-dddt-11-771] One way to minimize these side effects is to incorporate the drug in a carrier system that allows slow and prolonged release, while protecting the body system from sudden exposure to the cytotoxic drug. TAM has been successfully incorporated in solid lipid nanoparticles (SLNs) and NLCs.[@b12-dddt-11-771],[@b30-dddt-11-771],[@b31-dddt-11-771] The NLC is a second-generation SLN and was shown to be a better carrier for TAM than SLN.[@b15-dddt-11-771] TAMNLC is stable, with good drug-release characteristics, while preserving the anticancer effects of TAM.

The loading of lipid nanoparticles with two therapeutic compounds has not been reported. In this study, the NLC was loaded with TAM and coated with EPO. Drug carriers like lipid nanoparticles must be \<100 nm in diameter to evade the mononuclear phagocyte system (MPS) and \>10 nm to avoid elimination through glomerular filtration.[@b32-dddt-11-771] The TAMNLC developed in this study with its optimal particle size, narrow polydispersity index, and high entrapment efficiency is suitable as a drug carrier.[@b33-dddt-11-771] With EPO adsorbed on the surface, the changes in the size and polydispersity index of TAMNLC were marginal. However, the EPO increased the zeta potential to a value close to zero, suggesting that the diffused layer around the nanoparticles in solution is thin. The presence of an EPO layer around the TAMNLC masked the electrostatic charge increasing the risk of particle coalescence. However, the surfactant, polysorbate 80, which was an important component of the NLC, facilitated particle stabilization and significantly reduced the tendency for aggregation.[@b34-dddt-11-771],[@b35-dddt-11-771]

In blood circulation, the nanoparticles are subjected to interactions with serum albumin that may alter their pharmacokinetics and efficacy.[@b36-dddt-11-771] At pH 7.4, which is the average pH of blood and in high-albumin concentration medium, the stability and aggregability of EPO-TAMNLC were not affected, suggesting that the nanoparticles are suitable for parenteral application. Concentrations of EPO and TAMNLC should be known to estimate the stoichiometry of the interaction. However, due to the lack of an established method for the determination of the concentration of nanocarriers, we proposed a mathematical calculation to measure the concentration of TAMNLC ([Supplementary materials](https://drive.google.com/file/d/0B-6c9AX_MyUcMS00eXJNbHJUajA/view?usp=sharing)). The concentration of TAMNLC, expressed in molarity, is determined based on the specific surface area of the nanoparticle. Using this method, the number of TAMNLC particles can be determined and converted into moles by using the Avogadro's number.

The inability of lipid nanoparticles to interact with serum proteins is a putative factor for their prolonged residence in circulation and biodistribution. This attribute was evident with PEGylated liposomes and conjugated biomolecules.[@b37-dddt-11-771],[@b38-dddt-11-771] Due to their increased hydrophilic properties, the surface-modified liposomes performed better in preventing aggregations, MPS clearance, and elimination by serum proteins, thus prolonging the drug circulation time. Similar effects were observed with polysorbate 80-coated polybutylcyanoacrylate nanoparticles which exhibited longer circulation time than uncoated nanoparticles.[@b39-dddt-11-771] With polysorbate 80 included in formulation, the EPO-TAMNLC seems to be favorable for clinical application because during intravenous administration, it is less likely for serum albumin to displace EPO in the EPO-TAMNLC. In addition, the high K~a~ reflects good binding affinity between EPO and TAMNLC at body temperature. While it is unclear how TAMNLC favors the association with EPO instead of albumin, we hypothesize that the carbohydrate chains on the EPO containing sialic acid residues play a role in the interaction.

Generally, the number of binding sites on TAMNLC increases with temperature. It is presumed that the increase in binding sites is not due to the increased surface area. This is because during the experimental procedure at 37°C, the heat did not cause significant change in the structure and crystallization of NLC.[@b15-dddt-11-771] Furthermore, aggregation of EPO such as by dimerization will only take place upon storage at 40°C for 2 weeks.[@b40-dddt-11-771] These results also indicate that the increase in stoichiometry is likely the result of the binding of EPO to TAMNLC alone. At body temperature, increased exposure of the hydrophobic amino acid residues of EPO molecules may improve the interactions between EPO and TAMNLC. The ITC analysis provides thermodynamic information which is relevant not only to conventional drug--drug interaction and enzyme kinetics but also to the development of ligand-conjugated nanoparticles such as EPO-TAMNLC.

To achieve active targeting using the EPO-TAMNLC, it is essential to elucidate the status of EpoR in cancerous cells. The significance of the presence and functionality of EpoR on breast cancer cells has been debatable. As such, the relationship between EpoR and ER and efficacy of breast cancer chemotherapy has been investigated. Teo and Rasedee have demonstrated a modulatory effect of EPO on breast cancer cell survival and proliferation, which is ER dependent.[@b41-dddt-11-771],[@b42-dddt-11-771] They reported the synergistic effect of EPO and TAM that is capable of reducing the clonogenicity of the cancerous cells and cell viability significantly more than TAM alone.[@b43-dddt-11-771] In a separate study, the combination of EPO and TAM resulted in a 90% tumor regression in mammary tumor-induced Sprague Dawley rats, which was 20% more than that obtained with TAM alone.[@b8-dddt-11-771] The fact that EpoR is present in tumor cells and absent in the surrounding normal breast tissues implies EPO is a potential ligand for site-specific targeting of breast cancers.[@b7-dddt-11-771]

We have previously developed the NLC formulation using biocompatible materials and demonstrated its biological inertness via in vitro and in vivo methods.[@b12-dddt-11-771],[@b33-dddt-11-771],[@b44-dddt-11-771] The use of lipid nanoparticulate carriers in enhancing the anticancer effect of API has been well documented.[@b45-dddt-11-771] The efficacy of EPO-TAMNLC as an anticancer composition can be attributed to the presence of lecithin and enhanced cellular uptake of the loaded nanoparticle.

It was shown that conjugation of TAM to nanocarriers has an effect on efflux transporters including the multidrug resistance-associated proteins by promoting accumulation of drugs in cancerous cells.[@b45-dddt-11-771] Lecithin was also implicated as an enhancer of percutaneous permeation through its ability to lower the barrier resistance of stratum corneum, courtesy to its mild emulsification properties. These properties could also disrupt the cell membrane integrity and promote the accumulation of APIs in the cell. Thus, the presence of lecithin in the EPO-TAMNLC formulation further helps in the uptake of the nanoparticles. This accounts for the better cytotoxic effect of EPO-TAMNLC at 24 h. At LC~50~ however, free TAM appeared more effective than EPO-TAMNLC. Free TAM is absorbed into cells via diffusion. Since the route of TAM uptake can affect the fate of drug in the cells, difference in biological responses between TAM and EPO-TAMNLC is expected. Unlike the EPO-TAMNLC dispersion, free TAM is poorly water-soluble and necessitates the use of organic solvents to solubilize. However, the inclusion of a noxious organic solvent in a drug composition is detrimental to health and uncommon in clinical practice. Thus, solubilizing TAM by incorporation in EPO-TAMNLC complex is the most practical and effective way to improve the therapeutic effects of TAM.

Conclusion
==========

The significance of EpoR in tumors has been an issue, particularly in the use of EPO as an adjuvant therapy in cancers. However, EpoR expressed on breast cancer cells is a potential receptor for drug-targeted therapy. The EPO-TAMNLC, besides being a depot for TAM, could provide a means for the nanoparticle to bind to the EpoR on cancer cells. The EPO-TAMNLC may not be affected by the serum albumin in circulation. The EPO-TAMNLC could enhance the in vitro cytotoxicity of TAM and MCF-7 cells selectivity. The EPO surface-functionalized TAMNLC while possessing cancer-targeting properties could also deliver EPO and TAM in a sequential manner that may be beneficial to breast cancer patients.
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![Transmission electron microscope image (20,000× magnification) of erythropoietin-conjugated tamoxifen-loaded nanostructured lipid carrier.](dddt-11-771Fig1){#f1-dddt-11-771}

![Influence of pH on quenching efficiency of iodide for EPO and BSA.\
**Abbreviations:** EPO, erythropoietin; BSA, bovine serum albumin.](dddt-11-771Fig2){#f2-dddt-11-771}

![Stern--Volmer plot for erythropoietin at various pHs.](dddt-11-771Fig3){#f3-dddt-11-771}

![Unbound BSA and EPO in EPO-TAMNLC suspension at various pHs.\
**Abbreviations:** BSA, bovine serum albumin; EPO, erythropoietin; TAMNLC, tamoxifen-loaded nanostructured lipid carrier; AQ, aqueous phase; std, standard.](dddt-11-771Fig4){#f4-dddt-11-771}

![ITC for the association between EPO and TAMNLC at different temperatures. The ITC profiles are shown for the binding of EPO to TAMNLC at (**A**) 25°C, (**B**) 30°C, and (**C**) 37°C. The upper panels represent the raw heat after subtracting their respective baselines, while the bottom panels represent the integrated heat released during binding at 25°C, 30°C, and 37°C. The solid lines in the lower panels represent the best curve fitted for the experimental data using an independent model.\
**Abbreviations:** ITC, isothermal titration calorimetry; EPO, erythropoietin; TAMNLC, tamoxifen-loaded nanostructured lipid carrier.](dddt-11-771Fig5){#f5-dddt-11-771}

![Binding isotherm for the titration of TAMNLC with BSA or EPO. EPO-TAMNLC and BSA-TAMNLC complexes are shown at different temperatures.\
**Abbreviations:** TAMNLC, tamoxifen-loaded nanostructured lipid carrier; BSA, bovine serum albumin; EPO, erythropoietin.](dddt-11-771Fig6){#f6-dddt-11-771}

![Fluorescence images of ERα and EpoR expressed on (**A1**--**B3**) MCF-7 and (**C1**--**D3**) MDA-MB-231 cells. Column 1: 4′,6-diamidino-2-phenylindole stain (blue); column 2: ERα (green) or EpoR (red); and column 3: merged image. (**A3**) ERα appears within and around the blue nucleus of the MCF-7 cells. Some MCF-7 cells show higher intensity of ERα in the nuclei than the cytoplasm. (**C2** and **C3**) ERα is minimally present in the MDA-MB-231 cells. (**B3** and **D3**) EpoR is present in both the MCF-7 and MDA-MB-231 cells (100× magnification).\
**Abbreviations:** ERα, estrogen receptor-α; EpoR, erythropoietin receptor.](dddt-11-771Fig7){#f7-dddt-11-771}

![Cytotoxicity of EPO, TAM, EPOTAM, EPO-TAMNLC, TAMNLC, and DMSO treatments on MCF-7 cells. (**A**) Concentration--response curve of various treatments at 24 h, 48 h, and 72 h. The curve shifted to the right in response to time when NLC was used as a carrier for TAMNLC and EPO-TAMNLC (black arrows). (**B**) Calculated response parameters of EPOTAM, EPO-TAMNLC, TAMNLC, and TAM (n=3, \**P*\<0.05 vs EPOTAM and TAM group).\
**Abbreviations:** EPO, erythropoietin; TAM, tamoxifen; TAMNLC, tamoxifen-loaded nanostructured lipid carrier; DMSO, dimethyl sulfoxide; NLC, nanostructured lipid carrier.](dddt-11-771Fig8){#f8-dddt-11-771}

![Comparison of cell viability percentage between MCF-7 and HDFa cells for EPO-TAMNLC, TAMNLC, and TAM at 20 µM after 72 h of incubation.\
**Abbreviations:** EPO, erythropoietin; TAMNLC, tamoxifen-loaded nanostructured lipid carrier; TAM, tamoxifen.](dddt-11-771Fig9){#f9-dddt-11-771}

###### 

The Stern--Volmer constant (K~SV~) of erythropoietin at pH 5.0--8.0

  pH    K~SV~   Linear regression (*r*^2^)
  ----- ------- ----------------------------
  5.0   2.218   0.924
  5.5   1.806   0.956
  6.5   1.540   0.971
  7.5   1.604   0.960
  8.0   1.778   0.864

###### 

The efficiency of binding of EPO to TAMNLC and AQ at various pHs

  Sample       Band intensity   Concentration (µg mL^−1^)   Bound EPO   Binding efficiency (%)   Expected activity (IU)
  ------------ ---------------- --------------------------- ----------- ------------------------ ------------------------
  EPO-AQ       17897132         37.87                       4.13        9.84                     492.11
  EPO-TAMNLC                                                                                     
   pH 1.95     9182160          21.28                       20.72       49.33                    2,466.57
   pH 5.50     9882679          22.61                       19.39       46.16                    2,307.86
   pH 7.20     7835736          18.72                       23.28       55.43                    2,771.62
   pH 10.85    10640600         24.05                       17.94       42.72                    2,136.15

**Abbreviations:** EPO, erythropoietin; TAMNLC, tamoxifen-loaded nanostructured lipid carrier; AQ, aqueous phase.

###### 

Thermodynamic parameters for the association of erythropoietin and tamoxifen-loaded nanostructured lipid carriers

  Temperature (°C)   K~a~×10^5^ (mol^−1^)   n      ∆H (kJ mol^−1^)   ∆S (kJ mol^−1^)   ∆G (kJ mol^−1^)
  ------------------ ---------------------- ------ ----------------- ----------------- -----------------
  25                 215.0                  39.2   690               2.46              −41.59
  30                 151.4                  19     2,245             7.54              −40.23
  37                 26,200                 45     2,090             6.87              −40.32

**Notes:** K~a~ is association constant, n is stoichiometry of binding, ∆H is enthalpy of binding, ∆S is entropy of binding, and ∆G is Gibbs free energy of binding.
